ABSTRACT
INTRODUCTION
Since the distribution networks have been designed without considering interconnection of Distributed Generation (DG), the integration of renewable energy sources becomes an increasingly challenging task. It often results in poor power quality and underutilization of generating power due to limited absorbing capability or instability of the network. The increasing amount of DG is therefore seen as a negative development from network management point of view.
The main goals for a successful integration of DG are:
• ensuring safe operation • increasing reliability of networks • maximizing the utilization of renewable energy generation • maintaining the required level of power quality despite non predictable power production or consumption
In order to achieve these goals, individual technical solutions, like D-STATCOM, network protection relays and voltage controllers were developed by several partners in the joint project 
STATIC SYNCHRONOUS COMPENSATOR
For many years STATCOMs are well known dynamic reactive compensating devices. Although the market share of STATCOMs is still quite small in comparison to other FACTS Controller, like SVC, the acceptance, thus the number of installations worldwide, is increasing steadily.
A STATCOM consist of a self-commutated AC/DC power converter connected in parallel with the power system through coupling reactors. The power electronic switches of the converter are controlled to produce approximately sinusoidal output AC voltages, being in phase with the mains voltages, from the DC-source. Depending on the magnitude of the AC-voltages produced, the VARs are either generated or absorbed.
STATCOM provides a superior solution for VAr control, voltage regulation, flicker compensation, and fault-ride through improvement. Also grid current harmonic filtering is possible if sufficiently high switching frequency can be used. Typical applications include flicker compensation of large industrial loads such as arc furnaces and VAr control of wind farms. Benefits of STATCOM are improved power quality and network stability, increased transmission capacity, and grid code compliance of renewable generation.
A STATCOM in a distribution network with a high level of DG helps to increase the efficiency and power quality in the distribution network by:
• compensating harmonics and reactive power For these applications both large steady-state operating range and fast transient response are important. The advantage of a STATCOM over the conventional SVC is the extensive operative range. For comparison, the voltage-current characteristics of (a) SVC and (b) STATCOM are shown in Fig. 1 . The maximum capacitive current of the SVC is limited by the reactance of fixed capacitor when the system voltage decreases. As the result, the voltage support capacity of the SVC impairs with the decreasing system voltage. On the contrary, the STATCOM is able to provide full capacitive current independently of the system voltage, almost down to zero. A further advantage is the increased transient rating in capacitive operation region, which is in the SVC again limited by the fixed capacitor value. As the result, a STATCOM provides a superior capability for compensating dynamic power system disturbances [1] .
D-STATCOM SYSTEM "SVC MAXSINE" Voltage Source Converter
In the past years, a huge variety of different topologies for Medium Voltage Converters have been reported in scientific articles. In comparison to conventional two-level converters, multilevel topologies provide a good solution for power applications due to the fact that they can achieve high power using mature medium-power semiconductor technology. The power converter output voltage improves its quality as the number of levels increases reducing the total harmonic distortion (THD) of the output waveforms [2] . In dependence on the required converter power, two beneficial converter topologies have been identified for the use in STATCOM systems:
According to [3] and [4] , both topologies have specific advantages and disadvantages which enable their existence on the market. The MMC for STATCOM is built by a series connection of H-bridges per phase. The higher the number of voltage levels the higher the converter voltage and the lower the resulting THD of the output waveforms. Therefore, MMC is best suited for the direct connection to network voltages of several ten kilovolts or even higher voltage levels via transformers. Due to the fact that with state-of-the-art medium voltage IGBT output currents of about 800 A per H-bridge can be achieved, the resulting power rating of a single converter stage lies in the range of 50 to100 MVAr or even above. Hence, a MMC based STATCOM provides a superior solution for Utility applications on energy transmission level. A survey on MMC can be found in [5] .
In applications where the required compensation power is Due to the accessible DC-terminals of the 3L-NPC converter, either energy storage or renewable energy sources can be easily attached. In this case, the converter would act as an AC front end for the DC energy storage or energy source.
In order to distinguish the different circuits and applications, the compensator based on the three-level topology is denoted in the following as D-STATCOM. The brand name of Alstoms D-STATCOM system is "SVC MaxSine". The control system is based on a master/slave concept, enabling an easy paralleling of power modules, whereas each power module delivers 2 MVAr at 2 kV. Installed in a standardized sea container (Fig. 7) , the D-STATCOM offers thus a flexible, "plug-and-play" solution, ideally suited for the simplification of renewable energy integration into distribution networks. SVC MaxSine is connected to whatever medium or high voltage network through a step-up transformer.
The paralleling of power modules guarantees a high level of availability. If for instance, one power module of a 10 MVAr D-STATCOM should be out of operation, the system would still continue to operate with 80% compensation power. If needed, redundant power modules can be added. The graduation of 2 MVAr per power module provides furthermore a good granularity concerning the requested demand for compensation power. Thanks to the relatively low connection voltage level of the power module of 2 kV, all power components are integrated into a control cabinet. Beside the advantage, that the parasitic effects, which often cause heavy EMC disturbances, can be kept low, there is no need to place power components like air core reactors outside of the container. Therefore, the D-STATCOM footprint and effort for civil work can be kept low. The audible noise of the system is significantly reduced likewise. Since all power modules can operate self-sufficient, these are fully factory tested before shipping to site.
Control System

Fig. 5 SVC MaxSine Contrioller "MaCS"
The consequent modular concept for SVC MaxSine makes great demands on its control system. On the one hand it must be powerful enough to execute the quite complex control algorithms for the 3L-NPC converter in real-time. Furthermore it must be inexpensive and compact, since each power module requires its own controller. In the planning phase for the Dunneill windfarm, initial grid code compliance studies were conducted to verify that the new windfarm complies with the relevant EirGrid Grid Code [6] . The system studies were performed by making use of the PSS/E analytical software. The dynamic behaviour of the wind turbines were studied during the following disturbances in power system: The studies concluded that Dunneill windfarm was not Grid Code compliant. With the chosen wind turbines only fault ride through requirement could be fulfilled without additional modifications. For all other studied disturbances in power system, a dynamic reactive compensation device was required. As shown in Fig. 6 , it was recommended to place a D-STATCOM directly at the Dunneill windfarm 21 kV busbar. The optimum size was calculated to 6,25 MVAr capacitive and 5,5 MVAr inductive.
As an agreed element of the ADINE project, the performance of the developed D-STATCOM system SVC MaxSine had to be demonstrated in conjunction with the integration of DG into an existing network. Therefore the Dunneill windfarm project was a perfect opportunity to fulfil this task.
In 2010 a ±6 MVAr SVC MaxSine, shown in Fig. 7 , was installed and successfully commissioned. Although the actual installed power is slightly below the calculated value, due to its short term overload capability of up to 1.7 pu, SVC MaxSine provides enough power reserve to stabilize sufficiently the network during transient disturbances. By means of the installed SVC MaxSine and remote-SCADA system, the Dunneill windfarm became fully compliant with the grid code of the local utility company. 
